Two similar bridges constructed with a live load continuous connection were tested for live load distribution and joint continuity. Girder distribution factors (GDFs) were compared to AASHTO equivalent values. For positive moments on all girders as for negative moments on interior girders, results using AASHTO equivalent GDFs were found to be generally conservative.
Introduction
A common design procedure used by the Michigan Department of Transportation (MDOT) as well as other state DOTs for multi-span prestressed concrete (PC) girder bridges is construction of a "live load continuous" connection. Although various construction details are possible, the joint of consideration in this study, which appears above the piers supporting interior girder spans, is shown in Figure 1 . The connection is made by forming a concrete diaphragm between the ends of adjacent span girders after they are placed on the bearings, then pouring the bridge deck continuous over the joint. Since continuity is achieved after the girders are allowed to deflect in a simple-span condition under dead load, it is often referred to as a live load continuous connection, with the intent to allow the girders to act as continuous under live load application. However, a concern with this joint design is the degree of continuity that is actually achieved in practice. With the actual behavior of the joint unknown, it may be unconservative to assume either a completely continuous or a completely simple connection. For example, a simple span assumption, although conservative with respect to positive moments, may be unconservative for negative moments and interior shears, while the reverse may be true if completely continuous behavior is assumed. As such, it is desirable to better understand the actual behavior of this type of joint construction. Therefore, the purpose of this study was to experimentally investigate the live load distribution of two PC girder bridges constructed continuous for live load. The concern is both transverse distribution of live load, in terms of girder distribution factor, as well as longitudinally, in terms of moment continuity of the joint.
Despite the long-term use of girder bridges, there remains significant interest in the topic of live load distribution, as demonstrated by the large number of existing and recent studies on this topic. Much of this research effort has been focused on studying the performance of steel and PC girder bridges to better understand actual load distribution, as well as to evaluate AASHTO code distribution factor (DF) formulas through field testing, experimental testing and numerical modeling. Numerous early examples of such work exist, including field tests conducted by Shepherd and Sidwell (1973) ; Bakht and Csagoly (1980) ; Darlow and Bettigole (1989) ; Bakht and Jaeger (1990) ; and Stallings and Yoo (1993) , among others. Even after the revised AASHTO LRFD DF expressions were developed from finite element analysis (Zokaie and Imbsen 1992) , much additional experimental and computational work continued. Within the last two decades, a selection of the many bridge testing and analysis studies include those by Eom and Nowak (2001) , who conducted field tests on various steel girder bridges to study DF and dynamic loads, and later (Eamon and Nowak 2002) investigated the effects of barriers, sidewalks, and diaphragms on load distribution. At about the same time, Barr et al. (2001) evaluated DF for a series of three skewed PC bridges by field testing, and conducted a parametric analysis of skewed bridges with finite element analysis (FEA), where the effects of diaphragms, continuity, skew angle, and load were considered. Cai et al. (2004) evaluated the performance of six PC bridges through field testing and FEA, and concluded that barrier stiffness and bearing flexibility have a minor effect, though Li et al. (2014) found that even asphalt wearing surfaces may significantly contribute to deck stiffness. Cai (2005) proposed adjustments to the AASHTO DF expressions based on field measurements and FEA results of six steel bridges, while Hughs et al. (2006) evaluated AASHTO DFs for PC spread box-girder bridges through field testing and FEA, and Cross et al. (2009) conducted an experimental and analytical investigation on twelve steel and PC bridges with regard to shear DFs. Yousif and Hindi (2007) , Dicleli and Erhan (2009) , Harris (2010) , Fanous et al. (2011), and Puckett et al. (2012) among others, further concentrated on computational modeling to improve DF estimation.
More recently, Seo et al. (2014) experimentally determined live load distribution on simple span bridges caused by agricultural vehicles.
A much smaller number of studies have focused specifically on live load continuous bridge performance. Among these are Ebeido et al. (1996) , who proposed moment DFs for continuous skew composite bridges, based on test results from bridge models and FEA. Zia et al. (1995) , who conducted laboratory tests of two girder specimens joined with a continuous deck, found that the contribution of the slab to structural continuity was negligible. In contrast, Okeil et al. (2005) found the effect of the connection significant, and proposed a method for flexural analysis of bridges with jointless decks based on a study of experimental results found in the literature and FEA. Miller et al. (2004) investigated the strength, serviceability, and continuity of connections between PC girders made continuous, and found that if properly designed, such connections can significantly contribute to the structural integrity of the system. Oesterle et al. (2004) , however, concluded that the effective continuity for live load for this type of joint can vary greatly, depending on creep, shrinkage and thermal parameters, as well as long term and time dependent load effects. These diverse findings and uncertainties in performance suggest that additional information on the effect of live-load continuous bridge performance may be needed, the topic of this study.
Test Bridges
In this study, two nearly identical bridges were tested for live load distribution and continuity over an interior support. Each was built in 1993 and designed to the AASHTO Standard Specifications, though the specific edition is unknown. The structures are located just north of Lansing, Michigan on Centerline Road ("Bridge 1") and Taft Road ("Bridge 2") and span over US-127, a major north-south thoroughfare in central Michigan.
The structures, with no skew, are composed of two 3.6 m (12 ft) wide traffic lanes with 2.7 m (9 ft) wide shoulders. Both bridges have four spans, where the end spans are simply supported and the centermost spans are live load continuous over the center support. The end spans are approximately 11 m (35.5 ft) long, while the middle spans on both bridges are each 32 m (106 ft) in length. These middle spans, which are of interest in this study, are composed of 7 AASHTO Type IV PC girders spaced 1.9 m (6.4 ft) on-center, as shown in Figure 2 . Concrete diaphragms are present at the midspans as well as over the supports. The central diaphragm at the continuous joint is 300 mm (12 in) thick and was poured into place after the girders were set, but prior to deck construction. It is in contact with the girder ends as well as the deck above. It is meant to assist with joint continuity by transferring the compressive force of the negative moment couple between spans, while the reinforced concrete deck above serves to carry the corresponding tensile force. The girders support a 12.9 m (42 ft) wide, 230 mm (9 in) concrete deck, and both structures have typical 1 m (40 in) tall solid reinforced concrete barriers that are joined to the deck with steel reinforcement (width varies from 460 mm (18 in) at the base to 200 mm (8") at the top) and no sidewalks. The deck and girders (as well as other structural components) of the bridges are in excellent condition with no significant deterioration or damage, and were rated as "good" in the available inspection reports.
Prior to testing, strain gauges were attached to the lower flange of each girder at the midspans of the centermost spans, as well as close to the center support (approximately 2 m (6.5 ft) from the support centerline), as shown in Figure 3 . Because only 22 gauges were available, three of the 7 girders were instrumented on one span only, as shown in the figure. The gauge circuit is composed of a full wheatstone bridge with four active 350 ohm foil gauges, with a power rating of 13mW at 5V. Excitation voltage is from 1-10 Vdc, with a calibrated strain range of +/-2000 με. To mount the gauges, two metal tabs on either end of the gauge were secured to the girder flanges with epoxy after the attachment surface was ground smooth (Figure 4) . A careful visual inspection revealed no cracks on the girder flanges prior to gauge mounting nor during the field tests. However, it should be noted that some small cracks are elusive and may not have been seen. Although strain gauges were individually calibrated by the system manufacturer (BDI 2012), the accuracy of all gauges was verified in the laboratory by mounting each gauge to a steel coupon placed in an MTS tension machine and comparing gauge strains to those found from displacement results measured from an extensometer in the linear elastic range. Gauges were found to have an accuracy within 1%, with a noise level in the data acquisition system (BDI 2010) measured at approximately ±1 με. However, strains as low as 1 με could be detected by shifts in the noise baseline. Groups of four gauges each were plugged into a wireless transmitter which was secured on the girder flange, as shown in Figure 5 . These transmitters communicated with a base station, which in turn wirelessly linked to a laptop on-site for data acquisition. Test data were recorded at a rate of 35 Hz.
Test Plan
Two fully-loaded, 11-axle Michigan-legal trucks of 655-685 kN (147-154 kips) gross vehicle weight each were used to provide live load. This general vehicle configuration is common in Michigan for heavy legal as well as for permit overloads. Moreover, it is further desirable to use these heavy truck weights to maximize gauge signal-to-noise ratio as well as to verify load distribution performance near the upper service load limit. Truck axle weights and spacing were recorded at a weigh station prior to each test (Tables 1 and 2; Figure 6 ). Transversely, the front wheels (single tire) of the vehicles were spaced approximately 2.17 m (7.17 ft) center to center, while remaining wheels were spaced approximately 1.84 m (6.08 ft) center to center (to the middle of each double-tire wheel). The trucks were driven across the bridge at crawling speed in 15 different configurations as shown in Figure 7 . When side-by-side vehicles were placed close together (runs 2-4), adjacent wheels were spaced approximately 1.2 m (4 ft) center to center, while when a vehicle was driven close to the edge of the bridge (runs 3, 4, 13, 15), the center of wheel was approximately 0.3 m (1 ft) from the edge of the barrier. During the tests, trucks were carefully guided to ensure adherence to the positions specified in the test plan, and strain data were continuously recorded as the trucks moved across the bridge. While trucks moved across the bridges, other traffic was stopped such that no other vehicles were present on the spans.
Test Results
An example diagram showing positive moment (midspan) girder strains as a function of time as the test vehicles moved across the bridge is shown in Figure 8 (for run 1, bridge 2). Figures 9-11 provide girder strains at midspan (positions A1-G1 and C4-G4 on Figure 3 for span 1 and 2, respectively) and near the center support (positions A2-G2 and C3-G3 for span 1 and 2, respectively) for various test runs for the two bridges. The strain profiles shown correspond to the times at which the truck position produced maximum strains on the girders. In each figure, Figure 9d corresponding to girders A (0.28 με) and B (1.6 με). Because these small positive strain levels approach the inherent noise level in the data acquisition system, and are not repeated by any other runs on either structure, they are regarded as suspect, where the true response is expected to be very slightly negative.
In Figure 10 , results are shown for runs in which trucks were placed on the left (A-girder) side of the bridge (runs 3, 6, 9, 12, 13). For positive moments on Bridge 1 (Figure 10a ), as expected, run 3 (two trucks side by side, close to edge) produced highest girder strains and in the pattern expected (i.e. strains steadily decreasing away from the girders closest to the vehicles), with run 13 (single truck close to edge) similar but producing lower strains. Run 13 is particularly interesting in that, in the exterior girder (G) opposite to the side of the bridge that the truck was placed, negative strains were developed at midspan. This was consistent for both spans and both bridges (Figures 10a and 10b ), indicating that extreme eccentric vehicle placement on the bridge actually caused the deck to deflect the girder upwards on the opposite side of the bridge.
However, when truck eccentricity was decreased from placement at the far edge of the deck (runs 3, 13) to the center of one lane (runs 6, 9, 12), significant decreases in strains, as well as no negative strains, resulted (Figures 10a and 10b) . Results of Bridge 2 were similar overall to those of Bridge 1, except that for most runs (all except run 13), strains in exterior girder (A) decreased somewhat relative to the other girders. Considering the negative moment results for Bridge 1 (Figure 10c) , with the exception of run 3, strains were very low and somewhat uniform.
For run 3, the results were as expected, with the exterior girder closest to trucks (A) being most heavily loaded while the opposite side exterior girder (G) being most lightly loaded. Bridge 2 negative moment results were closer to that expected for all runs, where a clear trend of decreasing girder strains away from the girder beneath the truck can be observed. Moreover, maximum negative girder strains were more than twice as high as those in Bridge 1, which suggests a greater moment continuity between spans.
In Figure 11 , results are provided for runs in which trucks were placed on the right (G-girder) side of the bridge (runs 4, 7, 10, 14, 15) . In Figures 11a and 11b , it can be seen that Bridge 1 and 2 positive moment results are similar, and both mirrored Bridge 2 results in Figure 10b .
Similarly, negative moment results for Bridges 1 and 2 (Figures 11c and 11d ) were similar to those of Bridge 2 in Figure 10d , although negative strains were significantly higher on Bridge 2 than Bridge 1.
Numerical Model
To verify the unexpected displacement behavior found in run 13 noted above, where the exterior girder on the opposite side of the bridge that the truck was placed developed negative strains at midspan, a simple FEA model of the bridge was constructed. This was a linear elastic model of approximately 10,000 4-node shell elements to represent equivalent deck, girders, diaphragms, and barrier stiffnesses, as shown in Figure 12 . Support conditions were modeled by constraining nodes at the underside of the girders in the vertical direction at the end spans and in the vertical and horizontal direction at the continuous center support; the two end bearings at the continuous joint, which are relatively close together (center to center spacing 380 mm (15 in)) were modeled as a single central support. The diaphragms and barriers were modeled with complete connection to the bridge, where no slip was assumed. Based on field measurements, diaphragm thickness was taken as 300 mm (12 in). Barrier and girder thickness were taken as 254 mm (10 in) and 429 mm (16.9 in), respectively, which were sized to provide equivalent cross-sectional area and moment of inertia of the actual components. The heights of components were kept the same as measured. Young's modulus for concrete was taken as 31,000 MPa (4500 ksi).
However, the longitudinal Young's modulus of the elements joining the girders over the center continuous support was reduced to best-represent the actual degree of center joint continuity, as discussed in further detail below in the Joint Continuity section of this paper. This simple model was not meant to represent the bridge in detail, but to verify that the general deformation behavior as suggested by the measured girder strains for run 13 was reasonable. Results are shown in Figure 13a , where the model results confirm the compressive (negative) strains measured during run 13 for the girder on the opposite side of the deck that the truck is placed (girder G).
Girder Distribution Factors
Based on the test results, girder distribution factors (GDFs) were estimated. In this study, GDF is defined as the maximum proportion of total truck live load effect applied on the bridge that is distributed to a single girder. Thus GDF, in terms of moment, can be computed as:
where Mi is the live load moment carried by girder i and n is the total number of girders.
Expressing moment in terms of Young's modulus (E) and bottom section modulus (S) of girder i (Mi = EiεiSi), assuming E and S are similar for all girders, GDF can be determined in terms of a proportion of measured girder strains at the bottom surface of the girder section (ε). It should be noted that a potential source of inaccuracy with this procedure is that the effective section modulus and Young's modulus of the girders are not necessarily constant, due to local variations in material properties, as well as the presence of non-structural elements on the deck such as barriers, which stiffen exterior girders to a greater extent than those interior to the span.
Concrete cracking may also represent a source of inaccuracy in this procedure, where although cracking of the prestressed concrete girders is not expected, cracking of the non-prestressed continuous joint may be more likely to occur. However, the actual variation in effective girder stiffness is unknown and can only be approximated. Stallings and Yoo (1993) studied this issue and estimated the potential effects of edge-stiffening elements on GDF calculation by weighting exterior girders more heavily in eq. 1. than interior girders. The weighting was conducted by simply including the edge-stiffening curbs in the calculation of exterior girder section modulus.
For composite girders, it was found that this resulted in relatively minor differences in the resulting GDFs. Nowak and Eom (2001) similarly suggested that only minor differences occur in GDF when adjusting for edge-stiffening elements. Therefore, given these unknowns and the relatively small effect that may result from them, possible effective girder stiffness changes are not considered in eq. 1 and all girders are weighted equally.
The results are presented in Table 3 , along with the run (1-15) and girder (A-G) that provided the maximum GDF reported. Also presented are the GDF values based on the distribution factors (DF) specified in the AASHTO LRFD Specifications (AASHTO 2012). In AASHTO LRFD, for interior, prestressed concrete girders supporting a concrete deck with two lanes loaded, the distribution factor for moment is determined with the empirical expression:
where S is girder spacing (mm), L is bridge span (mm), t is deck thickness (mm), and Kg is the longitudinal stiffness parameter (mm 4 ), a function of the composite girder moment of inertia. A similar expression with different constants is specified when a single design lane is considered.
For exterior girders, AASHTO specifies that the lever rule is used for one design lane. That is, the deck is assumed to act as beam spanning transversely from a simple support at the first interior girder and cantilevered over the adjacent edge (exterior) girder. Design truck wheel loads are then placed on the beam and the resulting reaction on the exterior girder, as a proportion of the total load, is used to compute DF. When two lanes are considered for exterior girders, the minimum of the lever rule or a code-specified fractional reduction of the interior girder DF expression (eq. 2) is used.
For consistent comparison to the experimental GDF values, in Table 3 , the 1-lane AASHTO DF value is divided by 1.2 to remove the included multiple presence factor (other than for the 1-lane exterior girder case, in which the lever rule governs), while the 2-lane AASHTO value is divided by 2.0 to account for the fact that the AASHTO DF value is meant to be applied to the weight of a single design truck rather than to the weight of two trucks as used in the 2-lane field tests.
As shown in Table 3 Figure 7 , this run entailed two trucks placed side-by-side with both vehicles close to an exterior girder. This latter result is an unexpected finding, as it was anticipated that the governing method specified by AASHTO (2012) for exterior girder DF (per sections 4.6.2.2.2d and C4.6.2.2.2d), would result in the maximum possible load effect to the girder. However, the field test results of both bridges suggest that, for this particular type of structure, this method (as well as the lever rule) may significantly under-predict the DF for exterior girders when negative moments are considered.
If used to predict future performance, one way that the confidence of GDF results can be judged is by examining the degree of consistency from one structure to the next. For example, consider the exterior girder cases for negative moment. For the side-by-side trucks case, results from both structures are relatively consistent, as shown in Table 3 (GDFs of 0.53 and 0.55), and are also governed by the same run and girder on both structures (4G). Thus for this particular case, it appears reasonable to conclude that the AASHTO result (0.32) is indeed significantly unconservative for the field test structures. In contrast, for the single lane case, a fairly large discrepancy between bridges exists (GDFs of 0.48 and 0.56). However, the AASTHO prediction (0.51) also falls within this range, indicating that the AASHTO value appears reasonable. That said, the wider discrepancy in test results for the single lane case suggests that its GDF is known with less certainty than that of the side-by-side trucks case.
To confirm this finding, the FEA model discussed above was used to simulate various runs, some examples of which are shown in Figure 11 . In addition to the run 13 result discussed earlier (Figure 13a ), an example result showing the positive moment strains for run 1 ( Figure   13b ) is provided, representing typical model accuracy. The negative moment results of concern, those for run 4, are presented in Figure 13c . In general, it was found that FEA results wellmatched the field tests, suggesting that the model can be used with reasonable confidence. As seen in Figure 13c , the model indeed verifies the field test results of concern, producing approximately the same very high negative moment GDF for run 4. It should also be noted that when the joint was taken as fully continuous in the FEA model, the negative moment GDFs decreased significantly such that the AASHTO values shown in Table 3 were found to be conservative, as expected. For example, for the side-by-side trucks case, when run 4 was considered, the negative moment GDF dropped from 0.53 for the partial continuity case (as found from the field test of bridge 1 as well as the FEA model) to 0.26 for the fully continuous case, below the AASHTO value of 0.32.
Joint Continuity
For each test run, strains along the length of the bridge girders were evaluated when the trucks were in various positions. Of particular interest was the variation of strain along the length of the girder when the trucks were placed to generate maximum positive moment. An example of these results from run 1 is shown in Figure 14 , when the truck was located near the middle of the leftmost span, maximizing strains at girder line 1 (i.e. at gauges A1-G1 as shown in Figure 3 ).
These results are reported in Figure 14 This reduction in modulus was chosen to represent the effective rotational stiffness of the actual continuous bridge joint as accurately as possible. Here, it was found that reducing Exj from the initial value of 31000 MPa (4500 ksi) to only 900 MPa (130 ksi) allowed the model to produce nearly identical results as found in the field test, as shown in Figure 14 . It was this model that was used earlier to successfully match the transverse distribution of strains, as shown in Figure   13 .
As the concern for evaluating joint continuity is the longitudinal distribution of load along the bridge rather than transversely, the possibility of constructing a much simpler model was To quantify the effective rotational stiffness of the center joint of the bridges, the model was reanalyzed with completely simple (i.e. joint rotational stiffness = 0; two independent spans) and completely continuous (joint rotational stiffness = infinite) cases. The moment-strain conversion factor determined above was then used to similarly convert the simple and continuous case moments into equivalent strains, which are also shown in Figure 14 . As shown in the figure, as expected, the actual structure appears to fall between a simple and continuous span, with results closer to a simple span.
Additional results are shown in Table 4 for four additional runs that were modeled (1, 9, 11, 12).
In the table, "continuous/actual" refers to the ratio of a continuous span strain compared to the actual strain; "simple/actual" refers to the ratio of a simple span strain compared to the actual strain; and "near" refers to the span on which the truck is placed, while "far" refers to the opposite span. Although table results are shown for the truck positioned on the leftmost span as the near span (position 1 in Figure 14) , placing the truck on span 2 (position 4 in Figure 14) produced nearly identical results, as noted above. As shown in Table 4 , little variation was found in results from one run to another.
Based on the results of Table 4 , the maximum positive moment is 1/0.84 or about 20% higher than that found from a completely continuous support, while negative moments (as well as far span positive moments) are approximately 1/3.62, or less than 30% of that found from a completely continuous support. When compared to a simple span, the average ratio of the maximum positive simple span moment to actual (model) moments was found to be about 1.07, as shown in the table. In summary, the results indicate that a simple span would produce a maximum positive moment about 7% higher than the actual structure, while a completely continuous structure would produce a maximum positive moment about 16% lower than the actual structure.
A similar analysis can be conducted to estimate the effect of the actual joint stiffness on shear reactions. In this case, a test truck is positioned on the analysis model to generate maximum shears either at the exterior or interior support, as desired. Results are given in Table 5 . From the table, it can be seen that a fully continuous structure is expected to result in an end (exterior)
reaction of approximately 95% of the actual structure, while a simple span condition is expected to produce an exterior reaction approximately 2% higher than the actual structure. Considering the interior support, the ratio of a continuous to actual reaction is approximately 1.08, while the ratio of a simple to actual reaction is approximately 0.97. In summary, a simple span is expected to produce an exterior reaction of about 2% higher and an interior reaction of about 3% lower than the actual structure, while a completely continuous structure is expected to produce an exterior reaction about 5% lower and an interior reaction about 8% higher than the actual structure.
Summary and Recommendations
In this study, two similar bridges constructed with a live load continuous connection were tested for live load distribution and joint continuity. Heavy Michigan-legal trucks were driven across the bridge at crawling speed in 15 different configurations, and girder strains were recorded at positive and negative moment locations. Girder distribution factors (GDFs) were calculated and compared to AASHTO equivalent values.
For these particular structures, it was found that the positive moment GDFs for both bridges were relatively consistent, but some significant discrepancies occurred between the two structures for negative moment GDFs. It was also found that, for 1-lane results, the positive moment GDF for interior girders was substantially lower than that for exterior girders, but exterior and interior GDFs were about the same for the 2-lane cases. For the negative moment cases, however, exterior GDFs were about twice the interior values on average.
For positive moments on all girders as for negative moments on interior girders, AASHTO results were generally conservative. However, for negative moments on exterior girders, 3 of 4 cases exceeded AASHTO values, with 2-lane results significantly so. GDF results were verified with a FEA model, which produced similar behavior to the field tests.
With respect to joint continuity, it was found that a FEA model, as well as a simple prismatic beam model, could well-replicate the test results. Based on calibrated model results, it is estimated that a simple span would produce a maximum positive moment about 7% higher than the actual structure, while a completely continuous structure would produce a maximum positive moment about 16% lower than the actual structure. For negative moments, the actual structure experienced about 28% of that of a continuous structure. Similarly, for shear, it is estimated that a simple span would produce an exterior reaction of about 2% higher and an interior reaction of about 3% lower than the actual structure, while a completely continuous structure would produce an exterior reaction about 5% lower and an interior reaction about 8% higher than the actual structure.
Based on these results, some recommendations for these particular types of structures can be made as follows. For GDF, as expected, for both positive and negative moment, AASHTO recommendations for interior and exterior girders when a single lane is considered, as well as for interior girders when two lanes are considered, are generally conservative, or reasonably close to, field test results. For these cases, the existing AASHTO procedures appear reasonable.
However, for the particular case of two lanes loaded when negative moments on exterior girders are considered, the procedure suggested by AASHTO was shown to significantly underestimate GDF on both structures. In this case, a more refined analysis than that provided by AASHTO is strongly recommended.
To model the effect of the live load continuous joint, a conservative approach would be to simply assume that the structure is continuous for negative live load moments and simply spanning for positive live load moments. Similarly, for shear, the structure can conservatively be assumed continuous for interior reactions and simple for exterior reactions. However, for a more precise estimation of load effect, based on the field test and modeling results, for positive and negative moments as well as shears at interior and exterior supports, good agreement to the test results in all of these cases can be obtained with the following expression:
In this expression, Q is the final load effect (either moment or shear), and Qc is the load effect found from analysis of a completely continuous structure, while Qs is the load effect found from analysis of a simple spanning structure (for negative moments, note Qs = 0). The factors 0.3 and 0.7 result from the fact that in all cases considered, the actual load effect is approximately twice as close to that of a simple structure as compared to a continuous structure. For other live-load continuous joints, the factors 0.3 and 0.7 can be adjusted appropriately based on field test results.
Some additional issues should be noted. First, it should be emphasized that these results are based on the particular structures investigated and are not necessarily applicable to other live load continuous joint designs. Second, although heavy loads were used in the field tests, these remain service loads and the structure behaved linear-elastically. At higher load levels closer to an actual failure condition, it is possible that joint stiffness may further decrease to more closely resemble that of a simple connection. Unfortunately, there is no simple way to determine joint stiffness for all live-load continuous bridges, as this will depend significantly on various factors including construction technique and level of deterioration. To estimate the degree of joint continuity, a process similar to that described in this study is recommended, where girders are instrumented and several test runs with known vehicle configurations are conducted to record strains. For new construction, in lieu of specific field testing, it may be ideal to mount permanent strain gauges on reinforcing bars within the bridge members as well as on the concrete surface for continuous monitoring of the continuous joint as well as girder behavior. In either case, a simple, prismatic beam model of the bridge can be quickly constructed, with a rotational spring connecting the spans, as described above. The rotational spring can be altered until proportions of positive and negative moments in the model well-match the proportion of strains at the same locations on the actual structure. Such a match suggests that the simple model can be reasonably used to represent the joint stiffness of the actual structure. Finally, when considering negative moment for exterior girders, although GDFs were found to be significantly higher than AASHTO values, the overall girder design remains rather conservative. This is because the actual live load negative moment is only about 30% of that caused by the fully continuous joint as assumed in design. This reduction in moment more than offsets the underprediction of GDF. 
